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Summary of the 2004 CFD Validation Workshop on 
Synthetic Jets and Turbulent Separation Control 

A CFD validatioti workshop for sytitlietic jets and turbuletit separation control (CFD- 
VAL2004) was held in Williarnsburg. Virginia it1 March 2004. Three cases were iiives- 
tigated: synthetic jet into quiescent air. synthetic jet into a turbulent boiitidary layer 
crossflow. and flow over a liuiiip model with no-flow-control. steady wction. and oscilla- 
tory control. This paper is a sunitnary of the CFD results from tlie workshop. Altliougli 
some detailed results are sliown. itiostly a broad viewpoitit is taketi. and the CFD state- 
of-tlieart for predicting these types of flows is evaluated from a general point of view. 
Overall. for synthetic jets. CFD can only  qualitatively predict tile fiow piiysics. but there 
is some uncertainty regarding how to best model the unsteady boundary cotiditions from 
the experiment consistently. As a result. there is wide variation aiiiotig CFD results. For 
tlie hump flow. CFD as a whole is capable of predicting many of the particulars of this 
flow provided that tunnel blockage is accounted for. but tlie length of tlie separated regiou 
compared to experimental results is coiisistetitly overpredicted. 

I. Introduction 

The st.ud>- of separat ion c-oiit.ro1 t.liroiigh t.lie use of blowing, suct.ioii. atid syiit.liet,ic jets lias beeti an a&ve 
fit+I of research for sotiie tiiiie Mali\: experimentaI and t Iieoretic-a1 papers (only a few of \vliic:Ii are 
referenced here) h a w  been published on t,lie su1,jec-t .'-6 The review article I>>- (;reenblat t and \Vygnaiiski' 
1ist.s tiia.tiy additional references. There Iia,s also Iic~eti a re(-ent iiic-rease of attetit.ion paid t.o t,he field by t,he 
.\iiieric-aii Institute of Aeroiiautics aiid .4stroiiautich (A1.i .A).  \vliicli held its first Flow ('oiitrol ('onferetice 
i i i  .Jiine 2002 i t i  S t .  Louis. Missouri. atid tiow sponsors i t  as a coiitiiiuitig I~ieiitiial series. 

(~'omput.atioiia1 methods have also beeu used extensively for c-oiiiput.iiig syiith~.t,ic jet flows. Only a few 
esatnples are refereiic-ed 11e re .~ - l~  However. t.o our  kiio~vledge most C'FD efforts have beeit soniewliat isolat,ed. 
so it has been difficult. t,o make an assessiiieiit~ of the state-of-t,lie-art as a whole. In order to iiiore broadly 
assess t,lie current, capabilities of different clases of comput~a.tioiia1 iiiethodologies, the t,iiiie appeared t,o be 
ripe t.o hold a workshop for which many participa1it.s would coiiiput,e tlie same flow coittrol test cases. To 
t.liis end, t.he C'FD \-alidat.ioii of Syiitliet,ic Jets and Turbulent Separat,ion ('ontrol (c'FDVAL2004) workshop 
wa.s held iii Williamshurg, Virginia in March 2004.'4 Three different t,est. cases, all of wliicli were carried out 
esperimeiit ally at. N.iS.4 Latigley Research Center, exercised various aspects relat.ed to the flow physics of 
separation cotit.ro1. 
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11. The CFDVAL2004 Workshop 

'Ilie ( 'FD\;ZI,'LOO1 \vorksliol) \vas st r w t  uretl siiiiiIarl\. to t.lie series of  Hefitietl ' l ~ u r l ~ ~ i l ~ ~ ~ i c ~ e  hlotlcliiig work- 
sliol)s sl)oiisoretl hy t.lie ISuropeaii Rrscvirc.11 ( !otiiiiiuiiit,y 011 Flow, Tnrl)rileiic-e, aiid ( 'oiiilmAioti (EH( :OF- 
T.2( ' ) .  'Ilie I O t l i  siic-li workshop \vas I i c 4 t l  in Oc.tolier 2002 i t i  Poititw. Franc-e. Altlioligli not forllliillx a 
part of t lie Eurolwaii scric,s, (~'FD\-.AL200-1 was Iieltl iti associat.ioii with t lie llt(~'OFT.A( ' orgaiiizat ion. atid 
rcyrcseiit,at,ive mcmliers from that. orgatiizat,ioii c.oiitril)ut,rd t,o t, l ie ~ i r k s l i o p .  (~!FD\'.A 1,2004 was also asso- 
cia.t,ecl wit 11 t.he .Air F o r c ~  0fic-e of Sc-iriit ific- Researc*h (AFOSR), t,lie Iiiteriiatioiial Asso(-iatioti of Ilytlraitlic- 
Etigiiieeritig and Itesearc-li ( I X H R ) ,  QNET-C'FU. atid t,lie Natiotial Instit,ut.e of Aerosliac-e (NIA). 

Tliere w ~ r e  7 5  att,entlrw at, t,lw workshop. Seveii cmuitries were' represeut,ecl. iircrlutliiig t,lir I Tiiit.ecl St.ates. 
Franc-e, I t  alyl C;eriiiatiJ.5 Japatt. Iiiiited Kiiigdoiii. aiicl Switzerlaiitl. Rlost of t.lie \vorlisliop part,iriliniits c'aiiir 
froiii i i i i i v f w i t , i f ~ ~ ,  h i t  srvc~al  c.otiil)aiiies a i d  pul)lir sert,or research lalmrat,ories were represeiitcd as ~ v e l l .  

The prtrpow of ('FD\'.lL2001 was to  Iiriiig together an international group of c-ompit atioiial fluid tlyiiaiii- 
ic-s prac-t i t ioiiers t o  ess t, l ie c-urreiit c.apalilitics of different classes of t  url)ulent flow solutioii iiietliotlologies 
1.0 predic-t flow fields intluc-ed by syiit,liet,ic- jets and sqiarat,ioii c.oiit,rol geoniet,ries. The esperinieiit~al d a h  
for the \vorksliol) ivcre t.a.keii sprrific-all\- with ( ~ ' F D  validatioii i l l  i i i i i id .  Tlierefore. a grr,at tlr ' ill  of effort. was 
rspeiidetl t.o at t,eiiipt to  tlocunieiit tnost of the relevant I>ountlary c-otitlit ions. The :<-day workshop ga\.e t iiiie 
for eac-li participant to  disc-uss t,Iieir iiiet hod and results. Earh test ca.sc was c-oiic-ludetl by a sutiiiiiary t,alk 
I,? the organizers, for whic-h all o f  t.he c-otit,ribirt.ed results were c-oiiipild. .A panel disc.rissioii. whose foc-us 
was quality and trust for synt Iirt i c -  jet C'FD a.nd experiment , was also iiic-luclecl in the workshop. 

To encmurage Ixoad part,ic.ipat,ion atid t,o tlet.eriiiine t,lie gcweral st at,e-of-t.lie-art,. t,he decisioii was made 
early not to dictate partic-ular Imuiidary c.oiidit ions. grids. or nietliotl of solution. For exaniple. alt Iiougli 
tlie espc~ritiirntal velocity \vas given as  a fuiirt.ioii of time near t , l ie cent.cw of t,Iic jet esits for cwes 1 and 2 ,  
t.lw part,ic-ipatit,s were given t,he choice as t,o the precise Iioundary condition used to t,ry t,o iiiat,c-li it .  LVliile 
this strategy to I,roaden wo hop part ic-ipat ion was siiccessful - solut.ioii met hods ranged from reducwl- 
order motlels through R.c\nolds-avrragcd Na\-ier-St.okes ( R X N S ) .  t.o large-eddy siniiilat ion (LES) ant1 direc.t 
iiunieric.al siiiiiilat,ion (DNS) - i t  also had an rinavoidal)le tlowtisitle. Differeticw i t i  grids atid I)ouiidary 
rotiditions represented an adclit,iotial sourre of iiiicertaiiity when at,t,etiipt,iiig t.o rompare C'FD results wit,li 
eac-h ot81ier. 

The t,liree t,est cases were chosen t,o represent differeiitm aspc'rts of flow cotit.rol pliysics. 111 test, case 1 
(synt.lietic- jet. iiit,o quiescwit, air). flow passed in and out  of a slot (1.27 111111 wide by 35.56 111111 long), nliicli 
was 1ocat.ecl on t.lie floor of an enclosed box 0.61 111 per side. The jet, wa.s driven liy a side-iiiounted c.irc-u1a.r 
piezo-elcrt ric diapliragiii inside t,he cavity c-hamher heiieat,li t,he floor. The freyuetlc-y was a.pprosiiiiat.ely 445 
Hz. and t.lie maximuin velocity out of tlie slot, wa.s approsiiiia.t.ely 25-30 ni/s. This ca.se was coiisidered to be 
uoniinally t.wo-diiiieiisioiia.1 at. t,lie ceiikr plane of the slot. For case 1, t.lie part,icipant's were a.sked t'o supply 
loiig-t,iiiip-average jet, widt Ii and velocity profiles at, several loc-at.ioiis. .4lso, plia.se-averaged velocities aiid 
t urhit1etic.e quatit,ities were request,ed at, 8 different pha.ses at, several locat,ions. Finally, t,ime-liist,ory values 
of veloc.it,y at, t,hree point,s in t,hr flow, as well as specific- line cont,our plot,s of pha.se-avcraged velocit,ies were 
also requested. 

In t.est, rase 2 (syiit,Iiet.ic jet in a c-rossflow). flow passed in and out, of a. circ-ular orific-e 6.35 iiitii in 
tliatiiet,er. The orifice was located on t,he floor of a wiiid t,uniiel split,t,er p1a.k wit'li a t,urhulmt' hoiiiida.ry 
layer at h I = O . l  atid approsinlate hounclary layer thic-kiiess of 21 iiiiii. The jet was driveii elec-t'ro-tnec_liatiic-all?: 
by a hot,toni-iiiouiit.Pd square-shaped rigid pist,oii iiioiiiit,ecI on an eIast,ic- iiieiiiliraiie inside t.he c-avit'y c-liatiilier 
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Ijeiiwt ti the, split t e r  plate. Tlie c-nvity was approsiiiiately 1 .i nii i i  tleep aiid the ]) is tol l  i i ~ o v r ~ l  approsimateIy 
fO.77 i i i i i i .  Tlie frcqiiciic\- was 1 .50 1lz .  aiid t lie iiiaxiiiiuiii velocity oiit of t l i e  orifirc was approsiinatcly 
I .:It'-. For case 2. botli long-t ime-avc~a.gc~ jet wkltli and vclocit irs ab w l l  as plia,ze-a~eragetl veloc-itit.s aiid 
turl)rilencr quantities (Cb phases) were rcquested at several locations. Furtlierniore. ~)articilxints were asked 
to  supply tiine-liistory values of veloc.ity at thee  point,s in the flow., a:, wr11 as specific- line coiitour plot,s of 
bot 11 1oiig-t.itiie-average aiicl phase-averaged u-velocit>-. 

1 1 1  test rase 3 (flow over a h u m p  iiiodel). tiirbulent flow at, hl=0.1 passed over a I i u i n p  of c-liord 320 i i i i i i  

niouiit.rd 011 tlie floor of a w i d  t,uiinel splitter pla.t,e. Tlie hump used eiitl-plates at liot.11 sides (t.lie iiiodcl 
had a spair of .584.2 i i i t i i  txt.\veen the plates). a i d  tlie flow was rioininally t \vo-tliiiieitsioiial a t  it,s c-eiiter 
plane. The hump tiad a slot near 65% chord. near where separat.ion naturally oc-curred. This case 1ia.d two 
iiiandatory coiiditions: no-flow-cont.rol (110 forced flow through the slot). aiid steady sirct,ioii ( 8 ; )  = 0.01518 
kg/s). There was also one opt ioiial coiitlitioii ( the  esperiiiieiit was not coiiipleterl i n  t inie for f lie workshop) 
of oscillatory (syntliet ic) jet cont.ro1. I n  this rase. t.lie .let was driven r.lectio-tiiecliatiically hy a Iiot.t.oni- 
moriiited rectaiigular-shaj~ed rigid piston nioirnted 011 an elast.ic iiic'iiihrane deep itiside t,lie cavity c*hamber. 
The frequency was 138..5 Hz. aiid tlie pea.k velocity out, of tlie slot 1va.s a.pproxiiiiatrly 27 iii/s. For t.lie case 3 
no-floiv-c-oiitrol and steady-suc-tioii conditions. participants were asked to supply < '11 atid C',, aloiig tlie hump 
surfac-e. velocity and turl~rilence profiles at several locations, aiitl streaniline coiitour plots. For the optioilal 
syiit.lietic jet. coiidit ion. only long-tiiiie-average C'p  along t.lw hiiiiip si1rfac.r was requested. 

There was a great deal of C'FD data submitted 1.0 this worksllop. It is clearly not possible to slioiv 
lllosi "[ t,lir iesu]t,s iieir. ,>uiiiiirar> p i w a  G S  KF! !  zs S F Y ~ T Z !  s p ~ ~ i f i ~  i!cf;n.i!~d ~ ! G ! s  BTP s!:o~v;:: !!!..! 
t.o be representative of the solut,ioiis as a wliole. or wliicli serve to illust,rat,e specific- points or differences. 
.idditional detailed plot,s of tlie C'FD results are availa.hle froiii the C'FD\7.iL200-l wehsite.14 It should also 
be noted that workshop participaiit.~ were allowed to correct. resubniit,. or tvit,lidraw their submissions duriitg 
t,lie mont h following the workshop; hot.11 t,liis paper summary atid t lie plots on tlie wl>site contain updated 
iiiforiiiat~ion a3 of Ma.y 2004. 

C' ... ..... I-.. - * I - . ,  - he!ie~e 

111. Case 1: Synthetic Jet into Quiescent Air 

Tabulations of the suljniissioiis for (-'as? 1 are given in Tables 1 and 2. Tliere were 8 coiitributors who ran 
2.5 separak cases. There was one LES submission, one reduced-order iiiodel suhti-iission. oiie 2-D blended 
RANSLES subniission. and several laminar Navier-Stokes submissioiis ( t  lie :3-D laniiiiar miis perhaps can 
also he clia.ract.erized as uiider-resol;-ed DYS); the others were unsteacly H.L\NS (I'RANS). Most, of the rims 
\vert‘ c-omputed in 2-D. but there were also a fen 3-D computatious. Note t h a t  none of t,lie 3-D coniput~atioiis 
mod~led t.lie actual shape of tlie t lie cavity, in(-ludiirg t lie cirwlar diaplirapi:  instead. t.liey were all coinput.ed 
using periodicity in  tlie direct,ioii aligned with the slot's long axis. Sis of t.he coiit,rihutors motleled t h e  cavity 
(or s0111e approxiniation of tlie cavity) and two did not model an\- cavity. Of those who modeled the cavity. 
ONER.4-fluSm a i d  tTIi17-ghost applied a. t,iiiie-varyiiig velocity on t,he side of tlie cavity where t,he diaphragm 
was locat,ed, derived from diapliragtii-cent,er displaceineiit~ d a h .  \V.iSHI T-wiiid and N.4SA-t.lns3d also applied 
a similar boundary coiidit,ioii t,liere. hut. based it. 011 best, mat~ching of t . 1 ~  c1at.a at, the slot exit,. (.;\Vtl-vicar3d 
used a different. cxivit.y s h p e  wit.11 t.ime-va.ryiiig velocit'y boundary coiidit.ioii applied at. t . 1 ~  bot,t,otii wall. 
NC'AT-quasld modeled the motion of the actua.t.or with a quasi-1-D iiiodel. 

All of die result,s were calculated wit.11 st,ruct.ured grids. Only t.wo contribut,ors (~KY-ghos t~  and NASA- 
tlns3d) rail with t.he same grid, "2-D Struct.ured Grid #1". Tliis grid. along wit.11 ot,lier struct,ured and 
unst ruct,ured grids. were made ava.ilable on the websit.e several niont~lis prior to t,he workshop. Descript.ions 
of these grids can he found at. the website.14 

In  this section. we coniparr results for case 1 wit.11 particle ima.ge velocimetry (PI\') and hot wire data. 
It, should be not,ed t,liat other esperimeiit~al datja were l a m  taken using a different, piezo-elect ric diapliragm 
(these devices are prone to occasional failure). This lat,er data also include laser doppler velociiiiet ry (LD\-) 
iiieasureiiieiits in  addition t,o PI\' and hot wire, but t,liey were also a t  sliglit,ly different conditions (higher 
niasiniuiii out.flow velocity) t.han t'lie d a h  used for t.he worksliop. The lat,er d a h  are not, sIio~v1i here. hut. 
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niaiiy of t Iw part i(.ipaiits hat1 diffirulty Im.aiist3 t lie c x ~ ~ ~ ~ i n i e n t  a1 variation was iiot sinrisoidal ( 180' pcak- 
tcriwak).  . I s  a rcsiilt. at ccrtain 1)hases flicy fouiitl that the ronrputcd jet rould be at  a tlifferent position 
tliaii in tlir,  r~xperiinent. This is illustrated I)>- exaniple flowfield c~outours at phasc~=l:L5'. sliown i l l  Fig. 11. 
Siiirilar to iilost. ot l ier  rrsu1t.s (iiot shown) ,  the N.\SA-t.lus:ld result at this pIia,se had thc cstent of it,s pcdi 
jet i-elouity lower (near -1 iiini) than seen in t,lie csperimental data (near T niin). 

For t Itis mse .  tlie 2-D laniinar ONER.4-flu31ii result, predicted 1.00 inucli jet spreading. However. the 2-D 
Iaiiiinar N('.AT-qqasld. 3-D laniiiiar, and 3-D LES rrsu1t.s were (-011 eiit wit.11 ot,lier (-'FD nietliods in t,liis 
regard. Different t urhulence models c-ould have significant. effer1.a. esperially furt,lier iiit,o the flow field: t lie 
SA. SST, and POIT-saturne-ke niodels seeined to tie of siniilar quality. and generally agreed best. wit.11 t lie 
data amoiig the 1 TRANS models. Surprisingly, t.lirre did not. appra.r t.o tie a dist.inct8 advaiitage t.o modeling 
t.lic* c-avity for this case. a.s opposed to specifying a jet boundar\. condition at the surface. Regarding grid 
effiv-1.. '2-D grid levels of about, 60.000 poii1t.s (including cavity) were foiind t.o he siiffic-ient to capture t.he flow 
ph>.sics. wliereas l(i.000 points yielded not iceable different-es in  t lie solution. Aiiiong. :<-I) result,s. cha.iiging 
from -160.000 t.o T00.000 points (or increasiilg t lie spanwise periodic estent ) c-ould sigiiific-ant Iy alt.er the 
solution far iuto the flow field. There was very little effect of cliangiiig time step. e \ ~ n  with as low as 7 2  
st el's per period. 

IV. Case 2: Synthetic Jet in a Crossflow 

Tabulat,ions of the suhinissrons tor Case 2 are given in iahies  3 and 4 .  Time were 5 c-ontrii,ur,ors wvho ran 
10 separate rases. There was one LES submission: the ot.liers used IIRANS. .411 runs  were (nec-essarily) 3-D. 
Al l  met hods were second order iii space aiid time. Al l  suhniissions inodeled the ravit.y. except for C'IRA-zen 
which sperified a time-varying profile a.t, t,lie orifice esit.. However, hot.11 I.STO-rans and N.ASA-fiin3d alt,ercd 
the c-avity shape. In t,lie lat,t.er case, t,he hot,t*om wall wa.s made fla.t. while keeping t,he volume t~he same as 
t . 1 ~  original (skpped)  geoinet.ry. TWO of t,he contribut.ors modeled the full plane. wliile t.he others modeled 
a half plane with symmet.ry imposed a.t, t,he cent,er plane. Each cont,ributor used a different. grid: four used 
struc-t ured grids and one used unst~ruct~ured. The "Structured Grid #1" arid .'tJitst rudured Grid #1" were 
inade available on the n-ebsite several iiiontlis prior to tlie workshop. Descript.ions of these grids can he 
foiiud at t,lie wehsite.l4 The four c:ontrihutors d i o  modeled t,lie c-avity applied a time-depenclent. velocit,y 
spedication at the cavity bottom ivall: I ~ = I-cos(2rff) .  Each atljust,ed I to achieve wliat tva5 considered 
to  be a reasonable ~nat,crh of the experimeiital rv-velocity variatioii at the orifice exit. 

111 t,his paper, rase 2 results are quantitatively compared only to LD\' c1at.a. A ske1.c-11 showi~g  some of 
the LD\* data nirasureiiieiit locations is given in Fig. 12. PI\* data was also acquired at scveral planes. 
Thc rcadcr int.crcsted in quantitatively comparing esperinieiital results using the two different tec-liiiiques is 
referred t o  Schaeffler and ,Jenkins.'" 

The u-velocity 
component was capt,ured well by t,liree of the codes. <'IR.\-zen showed a higher value and ?I;AS.A-fun:3d 
showed a. lower value t,han esperiniental result,s during t . 1 ~  espulsion part, of t,he cycle. All codes predict.ed 
a zero or near-zero cross-st ream v-component of velocity. whereas tlie experiment a1 data indicated a very 
large v-coinponent during expulsion. The cause of t,liis high esperiiiient,al value is not, kno\vn. Finally, all 
c-odes capt.ured t.lw w-velocit,y reasonably well (ait.11 sonie variat.ion). alt~liougli no one replicat.ed the "dip" 
near pha~e=160'. The muse for this dip in the esperiiuent,al result is also uot k11o~v-n. The c:avit.y under 
t.he orifice was est.remely shallow (nomiually 1 .i iiini deep neut,ral posit,ioii with tunnel on), and the pist,on 
moved f0.TT inm up and down from t,his position. The volunie in  t.he cavity more t.han doubled from 
roiighl~- 10,000 to  26,000 ci1 bic 111111 during the cycle. It is questionable wliet,Iier a siniple non-moving-\vall 
transpiration houiidary condit,ion, used by all of the CFD met~liods, is a very a.ccurat.e niodel for this large 
a range of piston motion. 

Fig. 11 shows long-time-average u-velocit,y profiles on t,he ceiiter plane at, three do~vnstream st,at.ions. 
Overall. there was fair agreement. bet,weeii C'FD a i d  experiiiient,. hut there wa.s also a significa.iit, spread 
among tlie C'FD results. Fig. 1.5 shows w-velocity profiles along one spanwise line and two streamwise lines. 

Tiinc historics of velocities near the center of the orifice exit are shoivn in Fig. 13. 
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Along t l i c l  spaiin.is;c, h ie ,  tliere were no csperinicwt,al LD\* tlat a .  aiid t l i r w  was a sigiiific-aiit s p r t d  iii the 
(~ ‘FD results. Aloiig t,he streaiii\rise lincs, tlie 5 ( ‘FD rtwilts a.gaiii esliil>it,ed sigiiific-ant, spread; two of the 
( ’ID iiiet.liods esliiI)it,ctl rcvwonalily good agrrwiirwt n i t  11 espcriincntal r rwi l t s  along t l i e  z=lOiii i i i .  y=O line 
(Fig. l k ) .  

Tlie result,s (-;ill be Iiriefl?; 
sunitiiarizecl in  a represc,iit,ati\;e figure, Fig. l ( j .  1 1 1  gwrral,  t h t ,  fine (3.9 i i i i l l ioi i  (~>l ls)  aiicl c-oarser (0.49 
iiiillioii c~ l l s )  grids used i i i  N.AS.L\-trfl:kI did not esliibit a tlraiiiatic iiiflucwce in t l i e  solittioil. I lo~vever .  for 
N:\S.A-fiiii:kl t,lie fitw (0.N tiiillioii iiotles) aiid (-oiirser (.l(i,000 iiotles) grids did have a sigiiificxiit tlif~errwe. 
For N..jS:\-fuii:kl. tlie f i t i ~ r  grid prodii(w1 a negat i1.r. strwiiiwise velority tluriiig esprilsioii, 1)rit  the ~ o a r s e r  
grid did iiot. 

of t,lie par t  iripatit s invc~st.igat,etl t,li(, effrv-t,~ of differelit t,urbiileiic-c m o c l r +  oii t,lir solitt ion. Again. 
oiily oiic rcpreseiitative figure is sliowii  Iicrcx for tlic salic of 1wevit.y. Fig. 17. In NAS.j-c-fl:kl. tlirec cliffi,reiit 
models r ~ s i i l t ~ ~ d  i i i  ittinor tliffc~renc-r,s frotii eac.11 ot.licr, aitd IIOIW was clearly bett,er i i i  cwiiparisoti wi th  t,lie 
esI)eriiiir~iit,al d a t a .  Tlie t.wo nioclcls risetl liy I!SlO-raiis also showed only minor differrwc~es froiii each otlicr, 
atid they were c-learly different i i i  c.liarac’tcr’ froiii both the N.ASh-c-fl3cl result,s a i d  t.lie esperimeiit al tlat a .  In 
other words, t.he t irrbu1riic.e iiiodels t,lieiiisdves did iiot have as iiiucli of an iiiipa(-t a.s t,lie c-oiiibiiietl effrc-t, of 
cliffereiit (.odes. griclv (in iitiiiiher o f  poiiits aiid fu l l  plaiie vs. half plane) aiid ot,lier solut~ioii variations (sii(-Ii 

as  alteratioii o f t  l i e  cavi ty  sliapc, 1)y I7Sr1O-raiis). 
O n l y  a few pliiise-averageel rcwi1t . s  are sliowii here. Fig. 18 slioivs wve1oc:ity aloiig a liue 10 clon-ii>t real11 

at t Iirer, different phases. ;211 (‘FD resii1t.s were iii good agreetiieiit, wit Ii ea(-11 otlier aiid 1vit.h esperinreiit~al 
rrwilts  at pliase=OO (at this tinie t.lie orifire i s  still in its suc-tioii phase. so there  is l i t t l c  t,o iio tlyiiaiiiic. floir 
oc-c-iirriiig ID  dowtist~reani). Howcver, a.t t.he t,wo lat,er pha.ses t l i e  iiiflueiice of t,lie espitlsioii part of t.hc cycle 
is felt a t  this loc.at ion. Tlie (-IF11 results c-aptured tlic influence. generally following the trends seen in  t,hc 
esperinit’iit , hut there was a sigiiificant, spread i t 1  t,he soliit ions. 

Pliasc,-averagcd t,urbiilenc-e qrtaiitmit~irs from t,he (-1FD solut,ioiis geiierally esliihit~ed siniilar t,reiids tmo cacrh 
otlier. but agaiii w i t h  a sigtiificartt spread. There were usually larger discrepaiic.ies hetweeii (‘FD aiid esper- 
iiiteiit t.liati t,lie disc-repaiicies seen hetweeii t~urliuleiice profiles. l l i i  esaiiiple is shown in Fig. 19. 

Finally> a saiiiple coiiiparison Ixt,weeii esperitiieiit. aiicl (-:FD over t,he eiit,ire plaiie 1D tloiriist,reaiii is sho\rii 
i i i  Fig. ‘LO. This figure slio\rs u-velocit,y c-ontours a t  ph;ise=120°. I t  is ititelided as  a qualitative coniparisoii 
otil?;. .llso. oiily oiie (-‘FU result is shown for brevit.y: otlier C‘FD results were clrialit,ativrly siiiiilar. .Alt.Iio~igli 
details were diffcwiit,. t,liis figure indicat,es t.liat, (-‘FD predict,rcl t,he overall struc-t,ure of t8he tlyiianiic flow 
resulting from t lie espulsioii part o f  t,lir cycle as i t  passt’s elonlist reaiii. 

In fact. overall (iii 
a subject ive sense) the two iiidliods t,liat t,ended to yield t,he most siii1ila.r loiig-t.iiiir,-average aiid pliase- 
avera.gec1 iiieaii-flow solutions were ONEH..A-flu:hii (LES) aiid N.ASA-c-f:kl ( I  IRANS).  In general. 110 oiie 
nict,liod, algorit hni  ~ or t~urhuleiic-e iiiodel stmood out, as being t,he hest. met.liodolog\. for capt,iiring t.he pliysic-s 
of t.liis flow. (Iiritl levels of about a 1ia.lf a iiiillioii poiiit,s or tiiore appeared t,o be sufic-ieiit t,o (-aptmure t,he 
general cliaract.er of the iiiist,eady flow sufficient 1y well, whereas grids coarser than this c-ould change tlie 
solutioti sigiiificatit,ly. Nolie of the part.icipaiit,s subiiiit,t.ed results examining t,lie effect, of t,iiiie step: Iio\vever, 
NAS.4-c-fl:kl performed c:oniput,at,ioiis t,liat. were iiot suhniit.t,ed. varying het,weeii 720 aiid 1440 st.eps per cycle. 
a i d  fouiid very 1it.tle effect.. 

Two of t,he part,ic-ipaiits esaiiiiiied tlie effect of grid size oti t,lie solutioii. 

For this case stitdy. LES 1‘s. [TRANS did iiot appear to he a significant factor. 

V. Case 3: Flow over a Hump Model (Separation Control) 

TahuIa.t,ions of t.he submissions for C‘a.se 3 are giveii iii Tables 5 and 6. There were 1 3  c-oiit.ril)rit,ors 
H . ~ O  raii .Vi separate cases. Methods were mostly R X N S / I J R A N S .  but t,lierP was also OIW DNS result and 
several I~lendetl RAW-LES resiilt,s. Most, of the runs were coinputed in 2-D, hut t.liere were a.lso several 
3-D comput,atioiis. Some of t.he 3-D comput.at~ioiis were periodic in t,he sixinwise direct~ion, a d  so1iw were 
half-plane (either flat iiiviscicl side \rail or art rial side plate geomet.ry moclelecl visc.ously). Most of the 
c-ontrihitors iiiotleled t.Iie cavity, hut. several applied 1)oulldary conditioiis cIirec-t,ly 011 t’hr I i l l l i i p  surface. 



. 

. 

Results were c.oiiipiitrd 011 lmth strrrcturctl aiitl i i i ist  rii(.turctl grids. Ylaiiy cwiitril)utors i i s~d the 2-D gritla 
wpplied on the w-elJsite (for exaniple. "2-D Struc,tiirrd (;rid # I " ) .  1)cw~il)tioiis of tliesirx grids c-aii IJP foui i t l  

t here. 1 -I 

Case 3 is different froiii cases 1 and 2 in t Iiat most of t l i t .  r c w l i s  were vot t i r n e - d ~ ~ ~ ~ c ~ ~ ~ ~ l ~ ~ i t .  Only the 
opt ioiial oscillatory-coiit rol rase was rillstead?-. and for that c'itse only long-tinie-average ('p.5 were reciiiestd 
from tlie participants ( 8  of tlie c-oiitrihutors coiiipiited this. rriniiiiig 12 separate cases). Howover. wlieii there 
is more rst,eiisive t.ime-dependent d a t a  available in t lie fut we. t l i e  oscillatory-control espc~iiiieiit inay serve 
ah a good test case for t,inie-ac-curate validation eserc-ises. .I sketrli >liowiiig tlie locations where most of the 
results from the comput.ations were supplied is given iii Fig. '11. ( 'oniputed pressures are c-oiiipared ndl i  
esperiment.al data froiii surface-mount.etl pressure t.aps, atid veloc-ity and t trrbuleiic-e profiles are c~omparecl 
with PI\- esperiiiirnt~al data. Experinieiit.al tlctails are rcportctl in  (;reeiildat,t et at." 

(Note 
that separation and reattac-liment locatioiis are not clisplayed i i i  t lie figurrs for t Iiosc~ iiicthod> that did uot. 
rcport skin friction.) .As a whole. niost C'FD rrsults iiiiswtl t lie pressure levels over the I i i i m p  bet.ueeii 
0.2 < s / c  < 0.6, and also predicted higlier pressures than esperiniental rrsu1t.s iii tlie separated region 
upstream of s/c=l. .As will he slioivii beIo\v. the niissed prrs>ures w c w  likely due t o  Idockage effects caused 
by t lie side plates in the esperimeiit . 'The separat ion loc-at ion (iiot knowii prtv-isely for t lie esperiiiieiit ) 
was predicted reasoiiabl?- well by niost ( 'FD iiietliodb. and tlie reat tacliiiieiit lo(-at ion was predicted (for the 
most part ) significaiitly downst reaiii of the esperinieiit al lo(-at ion of s/c: = 1.1 1 . Most iiiodels of siiiiilar 

later and reatt~acliment earlier than other results with  t.he SST model. and (.'IRX-zen-ke. ~-1iicIi predicted 
reatt achriient further donnstreain than ot.lier results using a A*-: inodel. (.'IRA-zeii also report,ed unusually 
low skin frict,ioii levels for all of it,s results. 

A summary of all of t,lie C'FD resu1t.s for t,he steady suction c*ondit,ion is sliowii in  Fig. 23. .Again. most 
C'FD result,s overpredict,ed t.he pressure levels over t.he hunip l)et.ween 0.2 < s / c  < 0.6. Also, t,he pressures iu 
t,lie separated region did not. eshibit, t.he same levels or shape a3 experiiiient.a.l resu1t.s. The separatioii location 
(aga.iii not, kno~v i i  precisely for the esperinieiit ) was predicted to  be sliglit.ly upat reaiii of the experiiiieiital 
locat,ioii. and t.lie reat,t acliment~ locat ion was predicted t.o be signific-antly dowiist.ream of t,lie experimeiit~a.l 
location of s / c  = 0.94 by all C'FD metliods. For the suction roiiditioii. there was geiierall?; a broader range 
eshibit.ed in t,he r e s u h  for a given t.urhulencP moclel t.lian for t.lie no-flow-control cotidit ion. Not.ahle results 
t,liat showed t.he largest differenc-es from otlier ttirhulenc-e models of tlie same t,ype were: C'TR-fluent~-sa-2, 
( 'TR-fluent-sa- 1. N.\S.A-raiis-sst-\vciio~. aiicl I Y?-fluent -ke. 

Tlie two figures, Figs. 22 and 23,  are also iiistruc-tive froni t.lie point of view of ('FD unc-ert,ainty. 'The 
surface pressure coeffic-ieiit. plots illustrat,e the raiige of wiriation of ( 'FD for these c-ases. This variat.ion is 
ca.used by use of different, grids. codes, t,urbuleiice models, and boundary c-onditioiis (iiic~luding 2-D vs. 3-D 
modeling). In part,icular. it should be noted t.liat. tlie downstream hountlary coiidit,ioii in  iiiternal flow cases 
such as this can affect the flow t,o 50111e degree: by set.t,ing differelit. back pressures. one ran achieve different 
result,s. Iiidividual differences in t,liis horiiidary coiidit.ioii likely account for sonie of the C'FD variat.ioii. 

The tendency for most of the CFD resu1t.s t.o niiss t.he pressure levels over t,lie front. lialf of t.lie hump was 
believed t.o he due t,o blockage effect.s in t,lie experiment,. Two pieces of evidence support. t,liis conjecture. First.. 
tlie 3-D XZ-cobalt. runs t,liat a.ccount,ed for t,he side plat,e physical shape (modeled as a visc-ous wall) resulted in 
improved levels t,liere. Second, tlie 2-D IVAS.A-cfl:ld run that, used a11 altered t,op wall shape t o  approsiniately 
a(-count for t,he side-plak blockage (using area rat.io of plat,e c-ross-sect ioii to  t~unnel cross sect ioii) result,ed in 
excelleiit agre~iiieiit, of pressures over t,lie front, part. of the hunip compared wit 11 esperinieiit.al data.  These 
results are slio~vii in Fig. 21. Tlie grid used in tlie NAS.4-cfl:id case (2-D Structured #5) is described 011 the 
C'FD\'.%L2C)04 website: this grid was creat.ed aft.er the workshop. It should he noted from t,liis figure that, 
tlie 3-D AZ-cobalt runs also yielded good results in t~he separated region. wliereas the 2-D N.\S;i-rflSd runs 
did not. This suggests that t,liere niay be 3-D separated structures along tlie back end of the side plates that, 
furt,lier constrict the flow (addit,ioiial blockage) i n  t lie separated region. 

Althougli not sho~v11. most. of t  lie cont.ributed resu1t.s were in fairly good agreenieiit wit 11 experiment a1 d a h  

.A suiiiiiiary of all of the C'FD results for the no-flow-c-oiitrol c~oritlilion is slionii i n  Fig. 22. 

type gP!lera!!~ l>e!MvPd 5i!x!i!zr!y. Txvn e>:cP;?!io!!5 \vpre ( '!F!.~.-zt.!!---!-ki,.rc.f-:!. T.y!:i:-!l predir!ed sepzrz1,io:: 
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VI. Suiiiiiiary aiid Coiiclusions 

Tinie-dependent flows involviiig uttst,eacly flow control are difficult not, only t,o comput'e wit.11 CFD, but 
also t.o iiieasure esperiiiietit ally. The ('FD\'XL20O4 workshop in many ways elided u p  being as much of 
a workshop oii esp~rimeiital issues as oil ( 'FD issues. Frotii the t,wo cases involving syiit,hetic jet.s (case 1 
a i d  case 2 ) ,  we leariietl t,liat, tlicre are st,ill sotile iiiconsist,cncies bet.ween different. tiieasureiiieiit, techniques 
for c-ert,aiii asperts of t.hese types of t,iiiie-drI)eiitlet~t flows. Tliese differences were openly report,ed at, t lie 
workshop,  in  order to foskr hoiiwt and opeti dialog aiicl t.o 11eIp encourage collaborat,ive eff0rt.s t,o work 



1 

toivartl itnproving futiire results. .Ilost import ant I!-. the ~vorksl iop proved t.0 be an  itleal s ~ t t i n g  for pro\-idiiig 
a qiialit!; tec-liiii(*al i~itcr(-liaiige l ~ t ~ v e e i i  ( ' F D  aiid Pspcrinictital scieiitist,s. wliere each c.oriItI learn ahout the 
rapalilities aiid 1iiiiitat.ions iiilicrent~ in the pro(wscs and tools of the o t h r r .  

'I'his paper foc-iiscd 011 providing a suniiiiar\. of the ('1~11 results froni t lie ~v\-orkshop. Tlie norkshop 
itself was designed 1.0 eiicourage wide participatioil and to est al,lisli a hseliiie for tlie sta1.e-of-the-art in  
tlie area of synthetic jet validat ion and turbulent separatioii rontrol. Spr,c-ific grids, houiidary coiiditions. 
aiid iiietliods of solut.ion were iiot dictated t.o the participants. As a result. C'FD variatioii \vas fairly large. 
Howtver .  t reiids could &ill be noted. inc-luditig overall capabilities aiitl sliortcwiiiiiigs. hlaiiy of tlie workshop 
part icipant's suggested t.liat.. now t.1ia.t we have est~ablished a baseliiie for these cases. fut.ure C'FD effort,s 
slioirld at tempt to minimize known sources of C'FD variation, especiallj- regarding boundary c-oiiditions. It 
was also suggested that future esperinieiits forus additional effort, documenting t,lie t~irne-de~)eiident. houiidary 
roiiditions. espe(-ially at and near the exit plaiic of t,he jet /siic-tion slot or orifice. 

The bot.toni liiie from t . 1 ~  (-'FD resu1t.s (-ail lie suliiiiietl up ar; follows: 110 one C'FD tcc-hnique excelled 
above others. and t.liere was wide variation (especially for t inie-depeiident resu1t.s). a i d  only qualit,ative 
agreeiiieiit n i t11  experimental data.  In  other words, the "st ate-of-the-art" C'FD iiietliods of todaj- are not 
full\. adequate to ro~isistentlj. a i d  accurately predict these types of flows. LVliat is today-s "state-of-the-art"? 
Ilost of the r o n t r i l ~ t o r s  used ITRXNS for t.he time-depeiideiit cases and R;INS to c-oiiiprite tlie stead?; cases. 
A wide var1et.y of t url~uleiice iiiodels were eiiiploy~d. hlost ( 'FD nietliods were secoiitl order in  space a i d  
tiiiie. Some cont rihutors wed Itiglier order, but there did iiot appear to be aiiy oh-ious tmiefits froiii doiiig 

nioving walls. The few blended RANS-LES. LES. and DNS solutioiis showed merit. and were of sirnilar 
qiiality to the RANS and ITR.I\NS solut,ions. \Ve believe that wit.h today's increased coiiiputer power and 
improved algorit hnis, t liese advanced inet,liods are current,ly coming of a.ge and represent the way mu(-11 of 
C'FD will he performed i n  the future. However. a> yet t.liey showed 110 clear hei1efit.s over RANS/ITRANS in  
the sense of providing consistent.ly het,t,er resu1t.s for t.he workshop cases. 

Case 1 (synthetic jet int.0 quiescent air) was a difficult. esperiiiient t o  siniula.te. The flow field was prohahlj- 
iiiost.ly laiiiiiiar or transitional, so it was unclear how best to  siiiiulate i t .  Tlie piezo-electric driver used i n  t . 1 ~  
esperi~iierit was difficult to iiiotlel using C'FD herause it moved like a druni (and possibly with mult,iple shape 
modes), and iiot like a rigid pist.oii. The esperiinent~ iiidirated a deviatioii from periodicity in the ve1ocit.y 
near the jet esit t.liat was not c-onipletely simulated or captured by tlie (~'FD resu1t.s. and caused specific 
phase results t.o be niis-aligned. For example, at pliase=13.5' in  t.he esperiinent , the jet est.ended higher into 
the field than at tlie saiiie pliase as defined by most of tlie ( 'FD ruiis. Long-time-average results slion-ed 
deviations from esperiniental data very near t.o t.lie slot as w l l  as far from the slot. I n  t,he iiit,erniediatc range 
(4-8 i i i ~ i i  froni tlie slot). the results were generally better. (IFD yielded sigiiific-aittly larger variations in  the 
phase-averaged quantities. Escept for a few cases. a\-erage jet. width was usually soiiiewliat overpredict,ed 
by (.'FD i n  the near field. In the I1RXNS simrilations, t~urbulence niodels were found t,o have a significant, 
effect for this case. In general, t.he A*-:, SA.  a i d  SST models perfornied better coiiipared t.o esperiniental 
dat.a t 1ia.n other niodels t,est,ed. 

Case 2 (s?;nt.liet.ic jet in a crossflow) was t.he least. coniput.ec1 of tlie t.liree cases. probably owing to  it.s being 
both t,ime-dependent. aiid (necessarily) 3-D. Similar t.o case 1 ,  the time-dependent, experimeiit~al velocit.ies 
measured nea.r the orifice esit. eshihit,ed aiiomalies iiot capt.ured or niodeled by CFD. 111 part,icular. t,he 
esperiment. eshibited a dip in w-velocity 011 t.he downstroke and a very large spa.nnise ve1orit.y coniponeiit. 
during t.he espulsion part of t,lie cycle t.hat nolie of t,lie C'FD met~hods account,ed for. In spit,e of t.liis. 
reasonably good qualit at,ive resu1t.s were oht,ained compared t.o esperiiiieiital result,s, hut. t,liere were significantl 
('FD variat,ioiis in  both t,hc loiig-time-average and t.he phase-averaged resu1t.s. No one method, algorit,lini, 
or t,urbulence model stood out as being tlie best methodology. Even LES vs. liRANS did iiot appear 1.0 be 
a significaiit. factor. (-kiierally. different turbulence niodels for I.iR.I\.I;S did iiot have as much of an impact 
on t,liis ca?e as different grids, codes, and other soliit.ioii variations. 

Case 3 (flow over a hump model) had the great.est iiuriiber of workshop part,icipant,s. since t#he required 
cases were nominally steady aiid 2-D. However, i t  was discovered aft,er t.lie workshop t,hat the side plat.es used 

foi :!icSc i-z:xs. ?,!& cG::!:i!;u!G:s E!i!iZPd t:3:::<pi:2tiG:: !>e::::&:: c=:::!iti=::s =:: ?. fised grid te sj!??n!a!p 
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0 First f o r  sJ.iitIirtic- &s. i t  is iiiiportatit to miploy  cniisistriit borintlary caiclitiotis wlicii iiiriltiplc ('FI) 
tiiethotls are c-oiiipared. Oiily then will IVP ljc ablr to isolat,e aiid work to c-orrec-t clrfic-ic.iicics i i i  t Ii(3 ( 'FI)  
iiiotlcls i i i i t l  iiir.1 Iiods. Iiiiplic-it in this irwd is thc rqriirvt1ieiit t ha t  rsperiiiieiits I I C  iisetl t o  cloc-iitnctit 

estreiiiclly clc~t.ailccl a i d  ac.c-urat,e tiiiic-dc~,ciitlciit flow ficlcl va.rialilcs at and near t lie slot/orific-c csits. 

0 Scc-oiid. for t,lict I iu i i ip  nioclrl c-asp. t,iirhiIeiiw liiotlcls (for k 2 N S )  or ot,lier iiiet,Iiotls siicli as LES or 
1)leiidetl HANS-LES need to be i i i i~~rovecl/ t le~elopetl/~~alil~rat .~cl to iticwa.se t,he tiiisiiig in  t,lie s t y a r a t  et1 
region atid Iiritig about earlier reat tachretit aiitl flow rec.over\;. 

A ck 11 ow 1 e d gin e 11 t s 
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N ASX-t  liis:kl-sa(fiiie) 

N.AS.l-t Itis:k-sa( lo\v-cl t ) 

IIR.\NS. SST niodrl 
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Label 

Table 2. Case 1 Sumiiiary of' Grids and Time Steps 

(;rid tvpe Grid size 'Time stem / rvcle 
ONER.i-flu~~m-Rd-lcs 
ON ER A- fl u3in- 1 a 111 

0NERA-flu:h-sa 

3-D Structured. periodic W.000  cell:, SUO0 
2-D Structured 51.700 cells 5000 
2-D Structured .il .TOO cells 5000 

<;&Xi-\ icar3d-3d(3.5d) 
Uc' AT-q ti as 1 d + r a IIY 

POIT-saturne-lie0.5~ 
POIT-saturne-ke0.25~ 
POIT-satiirne-ke0.25f 
POIT-~aturne-rsm0.5c 

POIT-~aturne-rsmO 125c 

1 4 L U W l  
1-t.VUV 

3-D Structured. periodic 696.060 point5 14.000 
'2-D Structured 98.379 pointh 1 18,567 

2-D Structured (no cavitj ) 15,iK cell3 720 
2-D Structured (no cavitj)  l.5.70i cella 1440 
2-D Structured (no ravitj ) (32.828 cells 1440 
2-D Structured (no cavity) 15,707 cellb i20 
2-D Structured (no cavitk ) 15.707 cells 2880 

\VARIVlc'Ii-neat-lie 
\\ .:4R~~I("I~-i1eat-kenon 
\~.~R\VI('I.;-neat-easiii 

\i-ASHI '-wnid-sa 
\V.4SHI T-~vind-sst 

IV.\SHI '-wind-sstles 

13 of 31 

2-D Structured (no cavitj ) 4851 point:, :<(io0 
2-D Structured (no cavitj-) 4831 points 3600 
2-D Structured (no e m  it.) 48.51 points 260U 

2-11 Structured 3.5.986 points 10.000 
2-D Structured 33,986 points 10 .octo 
2-D Structured 3.5.986 i>oints 10.000 

American Institute of Aeronautics and Astronautics Paper 2004-2217 

NAS.2-t liis3d-sa 
IVXSA-t InsRd-sa (coar ) 
N,2SAi-t Ins3d-sa(fine) 

~'ASA-tlnsRd-sa(Io~~-dt) 
NASA-t Ins:3d-sst 

2-D Structured Grid#] (iR.553 poiiit:, 72 
2-D Structured 16,107 points 72 
2-D Structured 87,313 points 7 2  

2-D Structured Grid#] 63,553 points 144 
2-D Structured Grid#] 63,553 points 72 



Table 3. Case 2 Summary of Submissions 

L a l d  
NAS.4-c-fl:itl-sa 

N,1SA-c-fl:kl-ha (fiiir) 

NhSA-c~fl:~d-ea~iiiIio 
lSrl.O-raiiz-tl\ 

I ‘S? O-raii+eawi 
0 N ERA - flu:: 111-les 

( ‘IRX-zen-lie-iioca\ 
NAS.A-fuii.?d-\a 

~ASA-fiiii:~d-sa(fiiie~ 

NXSX-cfl:kl- 

hl et l1ocl 
NASA LaRC R un1se-y {TRANS, S. l  inoclel 

I rRAINS,  S A  iiiotlel. fiiie grid 
ITRANS. SST model 

[TRANS, EASRI-ko model 
ITIt.iNS, 2-1ii) cr IC-P ‘1 L\ model 

ITH.lNS, E.c\SRI iiiodc.1 

Orgaiiizat ioii A 11 t llorh 

ITSTO k ET13 Xzzi. Lalielial 

O N E R A  Daiidoih. (+ariiier% S a g a u t  LES 
(‘IR.1 Maroiigiu {TRANS, k-e model 

NASA LaRC‘ At l i i i l h  IIRXNS, S A  moclel 
{TRANS, S X  inodd. fiiir, grit1 

Table 4. Case 2 Snnimary of Grids and Time Steps 

Label 

NAS&c-fl:k-sa (fiiie) 

Iv .ASX-cfl3d-sst 

I JSTO-rails-tlv 
tTSTO-raiis-easiii 
ON E R A-fl u :3n- les 
(3 RA-zeii-ke-nocav 

NASA-fuii:id-sa 
NASX-fuii.?d-sa( fiiie) 

~~ 

(:rid t y p e  (:rid 51ze Tiiiie qtepz / cycle 
Full-plane, ever! ot lie1 0 1‘) llllllloll c-ells 720 

poiiit of Struc-tured G r i d # l  

C: r id # 1 

point of St ruc tured  (;rid#l 

poiiit of St ruc tured  Grid#l 

Full-plane, S t ruc tured  3 9 million cclh 720 

Full-plane, every otlier 0 $9 million cell5 1440 

Full-plane, ever) other 0.49 1llllllOll cellz 1140 

Half plane structured 0.21 ri~illioii cell5 3 6 0 

Full plane striic-t ured 1 .7 iiiillion cells (i(i(j 7 
Half p lane  s t ruc tured  775.680 c-ell5 720 

Half plane structured 0 21 1111111011 cell. 360 

(no cavit) ) 
Half plane uiibtruc-turd 46,000 iiodes 720 
Half plane 1Tnstructured 0.26 iiiillioii node5 720 

Grid#l 
, 

1-1 of 3 1  
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Table 5.  Care 3 Siiiiiiiiary of Subuiisrione 

L a I A  
.I FRL-fdl:<di-ke-r2 

.lFH L-fdl3di-ke-c-2-Sd 
A FR L-fcll:ldi-ke-c-l 

.! I’R I,-fcll:~tli-ke-c4-.?d 
A F R  L-fd I:kli-ke-fl 

.AZ-c-obalt-des- 1-3d 

.lZ-col)alt-sa- I-Mer 

.4Z-c-oliaI t-sa- 1 - hlr 

.lZ-cobalt-sa- 1-r 

.4Z-c-ohalt-sa-hlc-.?d 

.AZ-cobalt -sa- hlf-Rd 

.iZ-c.ohalt -sa- blni-Rd 

AZ-c-ohalt -sst-blni-3d 

.AZ-cohalt-ha- 1 
.iZ-cohalt-aa- I C  

.4Z-cohalt-ha-2 
.!Z-cobalt-sst- 1 

AZ-c-ohalt-sst - I C  

AZ-cobalt -sst-:! 

AZ-cobalt-sa-u 1 

.iZ-c-obalt-sa-u2 

\ I  ET.i-c.ftl ++keR-:3d 
31 ETA-rfd + + Inh-?,d 

~~ 

Orgaiiizat ion .$ut hnrs Met hod 
0.41 k AAFRL Rlorga~i. Rizzetta,  R.4KS. k-e niodel, 2nd order 

RANS, k-e I i ioc le l ,  211d order, 3-D 
RANS. k-e moclel. 4 t h  order 

HANS, k-e model, 4th order, 3-D 
RAYS. k-e model. fine 

grid. 2nd order 

\.ihbal 

Arizona State hr 
(‘obalt Solutions 

I< r ish 11 a 11. Sq 11 ires, DES. 3-D 
Forbyt IIC 

RXNS. S. l    nod el. B.L. on 
top wall. estmtletl grid iv 

refilled normal 
RAYS. S.! niodel. B.L. on 

top wall, grid w- refined nornial 
RAYS. SA model. grid w refined 

norinal 
R-INS, SA model. B.L. 011 

all walls, coarse grid, 3-D 
R,$NS, SA model, B.L. 011 

all walls. fine grid, 3-D 
RANS, S.4 model, B.L. 0 1 1  

a11 walls. iii~diuni grid. 3-D 
RAYS. SST model. I3.L 011 

all walls. medium grid. 3-D 
R.1NS. SA model. fine grid 

RANS. SA model. roarhelied 

normal direct ion 
RXNS. SA model 

RANS. SST model. fine grid 
R A S .  SST niodel, coarsened 

normal direction 
RANS, SST model 

RANS, SA iiiodel. unstructured 
fine grid 

RANS, SA model, unstructured 
Boeiiig Slimilovich. 1-adlin, RANS, SA model 

(.‘lark R.4KS. SST niodel 
~~ 

hfetacomp Tech Shariff, Batten RANS. cubic k-e model, 3-D 
LNS. 3-D 
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Table 5 .  Case 3 Siiinriiary of Subriiissions. cont‘d 

La1)el Orgaiiizat ioii .4ut hors RIP1 IlOCl 

(“LR-fluent-ha-1 ( ’ I R A  k (‘TR Rlaroiigiu, lac-cariiio. R.4NS. S X  nioclel. fiw grid 
(‘at,alaiio, Amato R i I N S .  S:I Ii1oclfll 

R A N S ,  SST iiioclel n i t , l i  

k-profile iit iiiflon 
RXNS. SS1‘ 1ilotle.l. 
iioriiia-.iet siic*t,ioir 
R A N S ,  SS’l i i iotlel .  

ol)liqii(\-.jet srictioii 
HANS,  SS‘I’ niotltl 
RANS.  k-e iiioclel 

R.4NS. k-e i i i oc l r l .  fiiic, grid 
R.4NS. SST iiiodel, fine grid 

RAYS.  S.4 model. fine grid 
RXIVS. S.4 niodcl 

RANS,  SST nrotlel 

RANS.  S.4 iiiodrl, t,op wall 
modified fo r  bloc-kagc 

NXSA LaR( R ~ n l b i . > -  R.4XS. E.4SRI nioclrl 

N.2S.i-rans-sst-\eiio~ NASA LaR(  ‘ B a1 a k u i i i  ar RANS. SST inodel, 
.5th order wciio 

N ASA-fuii2d-sa-u 1 NASA LaRC; 1.i ken R A N S ,  SA model. fine grid 
N;ZSA-firn2d-sa-u2 RANS,  SA inodel 

I lXZ-c.fl::d-easiiifsiii-:(d I’. Arizona lsracl. Fascl FSM wit l i  linear EASM. :<-D 
I ’ .\Z-dn\-:kl I ’  .Ar12o11a Pohtl. LVeriiz, F a d  DNS.  :Lll 

I ‘I\-gllozt-hht-l I . Leiit ric.kj I ia ta i i i ,  (‘hen. Huang, R.4NS. SL;T iiiotlel. 

I TI\-gllo.;t -54t -2  RANI;, SST niotlel 

IIhlD-raiis-sa-c?iit-’L I1 Marylaucl Duraisamy, Baeder R.4NS ( w i i t r a l ) ,  S.4 iiiotlel 

I I~lD-rans-~a-c-riit-2-:~d R.4NS (central), S.4 tiiotlel. 3-D 
I ThlD-raiib-sst-cent-;) R A % S  (central), SST nioclel 

I IRtD-ran.;-sa-cent-l R A K S  (c-eiitral), S.4 inodel, 
fiiie grid 

R X N S  (Roe) ,  SA iiiodel TIM D-rans-qa-roe-2 
I MD-rails-sst-roe-2 R A N S  (Roe)  SST niotlcl 

ITS-fluent-ko ITtali State SpaI1, Pliillips. Alley HANS. k-o model 
I IS-fluent-lie HANS. k-e modrl 
I IS-fluent-ha R X N S ,  SA iriodel 

Pariiiii. I,eBeau, Huaiig fiiie grid 

IIS-flueiit-s\t R A M .  ss‘r lllociei 

I~S-fluellt-\ 2f RXNS.  \ 21‘ iiiotlel 
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Table 6. Case 3 Sriiiiiiiary of Grids and Tinic, Steps 

. 
L a i d  

. iFR L-fcll3di-lie4 
.I FR L-fcll:),di-ke-c-2-3tl 

. IF  R L-fdl:id-ke-cl 
-4 FR L-fdl3di-lie-c4-3d 

XFHL-fdl:kli-ke-PL 
.IZ-c.olxilt-des- 1-3d 

.lZ-cohalt-sa- 1-bler 

.\Z-cohlt-sa- I-blr 

AZ-colnlt -sa- 1-r 

AZ-cobal t -sa-blf-3d 

.\Z-co ha1 t -sa-blm-3d 

.\Z-c-ohalt-sa- 1 
AZ-cohalt-sa- 1c 
AZ-cobalt-sa-2 
.\Z-cobalt-sst- 1 
AZ-cobal t-sst- 1 c 

AZ-cobalt-sst-2 
XZ-cobalt-sa-u 1 

AZ-cohalt-sa-u2 

ROEINC:-o\-erflow-sa 
ROEIN(;-o\-erflow-sst 
!I I ETA-cfd + +lie:Md 

h1ET.A-cfd++lns-Sd 

(;rid t l  pc Grid w e  7 l l l l r  4epz / ">(-le 
2-D Struct irred 50.410 polllts .5,948 
i3-D Struct riretl 2 (i iiiillioii points 31.1 

(half zpan 1 in\ iwd d e )  

2-D Structured 50,410 points 11,89(j 
3-D Struct ured 2.6 ~iiillion pointh N/A 

(half span 1 1 1 n  iscid side) 
2-D St ruct u r d  1!)9.790 points 11,PW 
3-D Strurt iirrcl 

(periodic span)  
2-D Structured (esteiideci 

u p t  ream, refilled 

normal d i r )  
2-D Structured (refined 

normal d i r )  
2-D Structured (refined 

normal dir) 
3-D Vnstructurecl 
(half span w plate) 
3-D ITnstructured 
(half span TV plate) 
3-D IT~istru~tured 
(half spaii w plate) 
3-D ITiistructured 
(half span w plate) 

2-D Structured (;rid#] 
2-D Structured 

2-D Structured (;ricl#2 
2-D Structured (;rid#l 

2-D Structured 
2-D Struct,ured Grid#2 

2-D ITnstructured 
Grid#l 

2-D Unstructured 
Grid$:! 

4.7 inillion nodeb 1 
3.5 niillion cell> 

251.208 (-ellh 

24 1.020 c-ells 

23 1 .R20 rells 

610.881 nodes / 
2.G niillion cells 

2.3 million nodes 1 
10.7 million cells 

1.1 million nodes / 
3.9 inillion cells 

1.1 niillion nodes / 
-1.9 million cells 

208.320 c-ells 
110.8110 rells 
.52,080 rells 

208.320 cells 
110,880 cells 
52.080 cells 

123,i03 nodes 1 
247.403 cells 

5T.152 nodes 1 
114.402 cells 

~ 

2-D Structured overset 37,790 points 800 
2-D Structured overset 47.790 Doints N /A 

3-11 Structured 2.472,.520 (-ells N/.\ 

3-D Structured l.816,000 cells S/A 
(half span) 

(periodic span) 
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Table 6. Case 3 Siimiiiary of Grid$ and Tiiiie Steps (coiit'd) 

L a l d  

NASA-fiin2tl-sa-u 1 

NASA-fun'Ld-sa-ii2 

I iAZ-dllS-3d 

(;rid#l 217.404 c-ell:, 
2-D Iiiistructured 57.152 node:, / 

(;rid#2 114,302 cells 
N/A 

4-D Structured 2.8 million poilit:, 200 

18 of :31 

(periodic span. no cavity) 

N/A 3-D St,ruc-tured 105.2 million poilit:, 
(periodic- span, no cavity) 
2-D Struc-turd Grid#l 107.952 cells N1.4 

w / o  zone 4 

w/o zone 4 
2-D Structured Grid#:! 49%48t( cells Nl.4 

American Institute of Aetonautic5 and Astronautic, Paper 2001-2217 
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Table 6. Case 3 Snnimary of Grids aiid Time Steps (cont-d) 

~~ 

Label 
I'hl D-rans-sa-c-eiit-2 

1 ~~ID-rans-sa-ceiit-2-~d 

tT3f D-raiicsst-c-en-2 
tThl  D-ranssa-cent- 1 
I'MD-rans-sa-roe-2 
1'11 D-rans-sst - roe2  

1 -S-fluent-ko 
I1 S-fluent -ke 
1 'S-flueiit-sa 
1 'S-flllent-5st 
1 'S-Buent-v2f 

(;rid h p e  (;rid size Ttllie 5 t e p  / t c l e  
2-D Structured (:rid#2 52.080 cells 612 

ii-D Structured (;rid 2.1 million cells X1.A 
(half spaii) 

2-D Structured Grid#2 52.080 cells K1.4 
%-D Structured Grid#l 208.320 cells N1.4 
2-D Structured Grid#2 52,080 cells 612 
2-D Structured G r i d M  52.080 cells NIX 

2-D 1-nstructured Grid 85.760 cells Y1.1 
2-D I'iistruc-tured (;rid 85.760 cell5 51.4 
2-D l'iistructured (;rid 8.5.760 (-ells K1.1 
2-D l'iistructuretl (;rid 85.T60 cells x1.4 
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Example delermlnatlon of jet wldth 
a r  

centerline 
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Figure 2. 
case 1.  

Sketch showing definition of jet width for 

a 
-E 
z 

ONERA-flu3m-leu3d - - - -  ONERA-flu3m-lam 
-.-.-.- ONERA-flu3m-sa - . . - ..-. .- GWU-vicar3d-3d(fine) - - - - NCAT-quasld+rans 

A" 
40 F 

exp, PIV 
A exp, hotwire 

I ,  I # l I I I 1 m ,  

0 100 200 300 -401 ' 
phase, deg 

- UKY-ghost-&(fine) - - - -  POIT-satume-keO.25f 
-.-.-.- WARWICK-neat-ke 
-. .- . .- WASHU-wind-sa - - - - NASA-tlndd-=(fine) 

n exp, PIV 

Figure 3. 
y=O.lnlm. 

Case 1 time histories of v-velocity at x=O. 

L 

LO of  31 
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Figure 5. Case 1 average v-velocity profiles at 
y=O.lmm. Figure 4. Case 1 average v-velocity profiles a t  x=O. 
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10 

- ONERA-flu3m-les-3d _ _ - -  ONERA-flu3m-lam - . - . - . - ONERA-fluJm-Sa 8 
_..-..-..- G WU-vicar3d-3d(fine) - - - - NCAT-quasl d+rans 

6 exp,PIV 

n 4  
'E 
i 2  

0 

I I 
-4.L ' ' ' 0 I ' ' I 2 I ' ' 4 6 

x,mm 

10 

- UKY-ghost-sst(fine) 

_,-.-.- WARWICK-neat-ke 
-. . -. . - .. - WASHU-wind-sa 

8 - - - -  POIT-saturne-keO.25f 

6 - - - - NASA-tlns3d-sa(fine) 
exp, PIV 

a 4  
2 
i 2  

0 

-2 

0 2 4 6 -4 
-2 

x, mm 

E 
E 
s 

E 
E 
i 

0 
0 

0 
0 

0 
0 . 

6t 

- ONERA-Ru3m-les-3d 

-.-.-.- ONERA-flu3m-sa 
- - - - ONERA-tlu3m-lam 

- - - - NCAT-quasld+rans 
n exp, PIV 

I 
od IU? 2 I ' ' ' 4 I ' ' ' 6 I a 

avg jet width, mm 

- UKY-ghost-&(fine) _ _ - -  POIT-satume-keO.25f 
_._._.- WARWICK-neat-ke 
_..-..-..- WASH U-wind-sa - - - - NASA-tln.dd-sa(fine) 

exp, PIV 

.-A -__-- + , , I # # , I  
2 4 6 8 

avg jet width, mm 

Figure 7. Case 1 jet width based on average' v-velocity. Figure G .  Case 1 average v-velocity profiles at 
Y=4IIlIIl. 
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- UKY-ghosl-sst(fhe) 

- .-. -.- WARWICK-neat-ke 
- - - - P 0 I T ~ t U m d r e o . P W  

WASkiU-Wind-~a -..-..-..- 
---- NASA-thS3d-Sa(f*le) 

errp,PIV 

20 

a 

r' 10 
2 

0 

U KY -ghort-srt(tiW) - - - -  UKY-ghost-& 
-.-.-.- G W U - M r 3 6 3 q f h e )  
-..-..-..- GWU-vicar363d ---- G W U-Mr363d(4.5d)  

e-, PIV 
A erp,hotrvii 

OO \ 5 10 15 20 

Y. mm 

POIT-sstumtke025t - - - - POrr-Sa(umke025C 
-.-.-.- NASA-thS36m(fine) 
_..-..-..- NASA-W&d-+a ---- NASA-tho3d-sa(mar) 

o e-, PIV 

8 

a 
E 6  
i 

. 
4 

Figure 8. CaGe 1 phase-averaged v-velocity profiles at 
y=lmm. phase=l:35°. files at x=O. 

Figure 9. Grid effect on case 1 average v-velocity pro- 
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PIV Contours of V (1 35 deg) 

- POIT-satume-keO.5~ - - - - POIT-satume-rsmO.5~ 
_._._.- WARWICK-neat-ke 
_..-..-..- WARWICK-neat-kenon _ _ _ -  WAR W ICK-neat-easm 

- WASH U-wind-sa - - - -  WASHU-wind-ssl 
-.-.-.- WASHU-wind-sslies 
-..-..-..- NASA-tlns3d-sa - - - - NASA-llns3d-sst 

,./-.-... o exp, PIV -. A exp, hotwire 10 

8 

cn . 
E 6  
5 

4 

2 

5 10 15 20 
o b  " " " '  " " ' ' ' ' ' I  

Y, mm 

Figure 10. Turbulence model effect on case 1 average 
v-velocity profiles at x=O. 

Figure 11. 
(a) PIV experiment. (b ) .  NASA-t111~3d-~a(fine). 

Case 1 coritolirs of v-velocity. phasc.=135': 
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Figure 12. 
locations. 

Sketch of some of the case 2 comparison 
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Figure 13. Case 2 time histories at x=50.63mm. y=0. 
z=0.4mm: (a) u-velocity. (b) v-velocity. (c )  w-velocity. 
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velocity time histories at x=G3.5mrn. y=O. z=lOmm. 
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Figure 18. Case 2 phase-averaged u-velocity at y=O 
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Figure 21. Sketch of the rase 3 cornparisor1 locations. 
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Figure 22. Suniniary of case 3 results compared to Summary of case 3 results compared to 
experiniental data for no-flow-control condition; (a) experimental data for suction condition: (a) ( ' p .  (b )  
C ' p ,  (b )  separation location. (c) reattachment location. 
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Figure 23. 

separation location. (c) reattachment location. 
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Figure 24. Siirfac,e pressure roefficients for case 
stilts that accounted for tunnel blockage. 
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Figure 25. Sample of rase 3 no-flow-control condition 
ti-velocity profiles at x/c=1.2 (downstream of experi- 
men tal reat taclinieii t ) . 
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Figure 2G. Sanlple of case 3 suction condition 11-, 

velocity profiles at x/c=l.O (downstrearn of experi- 
mental reattachment). 
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Figure 27. Sample of case 3 suction condition results 
at x/c=O.8 (inside separation bubble): (a) u-velocity. 
(b )  turbulent shear stress. 
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Figure 28. 
results for oscillatory control condition. 
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